Wc compared the impact of structural changes in the light-harvesting machinery of two bloom-forming dinoflagellates (Prorocentrum minimum and Heterocupsa pygmaen) by quantifyi lg photophysiological changes in order to define the alternative mechanisms of photoacclimation. There arc species-specific and photoacclimative differences in the abundance and composition of functional light-harvesting complexes (including photosystem I-and 2-enriched bands) which are rehected in spectral changes in absorption, and photosystem 2 (PS2) fluorescence cxcitation spectra of whole cells, thylakoid micelles, and discrete photosyntheti I: pigment-protein complexes. DCMUinduced variations in fluorescence excitation spectra are evident in whole eels but not in isolated thylakoid micelles or functional chromoproteins; such variations indicate that intracellular self-shading which causes variable fluorescence is eliminated in subcellular preparations, We developed a scaling proceclurc of PS2-related in vivo fluorescence excitation spectra relative to Chl u-specific absorption coefficients and used the chromoprotein differences to illustratc how the chromoprotein composition alters cellular fluorescence properties. We also examined the energy transfer efficiency of photosynthetic pigments and the photoprotective role and location of diadinoxanthin.
Oceanographers and limnologists have used optical signals as input variables to design and validate bio-optical models that can predict photosynthetic rates (Bidigare et al. 1992; Falkowski and Woodhead 1992; Cullen and Lewis 1995) . One fundamental problem restricting the utility of these models for red tide research is their limited ability, so far, to discriminate between the presence or dominance of different phytoplankton groups whose spectral signatures are dependent on chemotaxonomic differences in pigmentation (Johnsen et al. 1994b ). Photosynthetic dinoflagellates represent two important and potential toxic groups. The first group contains Chl c7 and gyroxanthin-dicster [i.e. Gyrodinium aureolum, Gymnodinium galatheanum, and Gymnodinium breve (= Ptychodiscus brevis); Bidigare et al. 1990~; Bjornland 1990; Johnsen and Sakshaug 1993; Millie et al. 1995, 19971 . These Chl c,-containing dinoflagellates have distinct photosynthetic machineries including fucoxanthin and its 19' acyloxyderivatives similar to Chl c,-containing prymnesiophytes (see Johnsen and Sakshaug 1993) . The other group consists of dinoflagellates containing Chl c2 and peridinin (see Millie et al. 1997) . The mechanisms and efficiency with which these organisms exploit light for cellular growth are fundamentally different.
Species-specific differences in chromoprotein buildup, even in the standard peridinin-containing dinoflagellates (Jovine et al. 1995) , may have dramatic effects in terms of how much light is absorbed and how efficiently it is processed. Likewise, bloom populations go through many photoacclimatory processes which alter their spectral signatures and may well be related to changes in their growth rate (Cullen and Lewis 1995) . It would be valuable if models could predict different growth rates in potentially toxic and bloom-forming species based on light regime-dependent differences in bio-optical signature (Bidigare et al. 1992; Johnsen et al. 1994a ).
Research on the organization of photosynthetic pigments in phytoplankton, which accelerated in the 1970s and 198Os, led to a mechanistic re-evaluation of the photoacclimative responses of algal spectral signatures and the possible consequences for whole-cell photosynthesis (Liaaen-Jensen 1978; Falkowski and Owens 1980; Jeffrey 1980; Richardson et al. 1983; Prezelin and Boczar 1986; Rowan 1989; Bidigare et al. 1990b ). This information led to suggestions of how the abundance and distribution of phytoplankton in the marine environment might be determined based on the spectral attenuation 13f light and light-stimulated fluorescence in natural habitats (cf. Kirk 1983) .
Because the underwater light regime may be an important factor in the initial phase of toxic phytoplankton blooms (Johnsen et al. 1992) , an a priori understanding of the biooptical properties of potentially toxic species helps in interpreting their physiology and ecology. Recent developments in submersible and spectral fluorometers and transmissometers will make in situ detection possible (e.g. from buoys) of phytoplankton biomass and species composition (e.g. identification and warming of potentially toxic species such as the bio-optically distinct Chl c, group, cf. Johnsen et al. 1994b) , and the corresponding level of photoacclimation (indicating photosynthetic potential and specific growth rates) will become measurable. Detection of phytoplankton blooms with moored equipment that measures changes in absorption properties of the water column has already been demonstrated (Volent and Johnsen 1993; Cullen and Lewis 1995) . Together with modeling studies, it provided an opportunity to assess the role th,lt photophysiology plays in the success and competition of tcxic species relative to other phytoplankton in dynamic environments.
Generally, research since the advent of satellite and mooring technology has focused on describing the absorption characteristics of the phytoplankton, assuming a fixed lightdependent relationship of the quantum yield for carbon fixation (cf. Schofield et al. 1996) . By design, this approach ignores the synergistic effect of the structural arrangement of light-harvesting complexes (LHCs) on both the absorption capabilities and the efficiency with which the absorbed radiation is utilized (Lewis et al. 1985; Prezelin and Boozar 1986; Kroon et al. 1993; Johnsen et al. 1994a; Jovine et al. 1995; Schofield et al. 1996) . In dinoflagellates most of the LHCs are associated with photosystem 2 (Govindjee et al. 1979; Mimuro et al. 1990) . In this situation photosystem 1 (PSI ) is thought to rely on spillover from photosystem 2 (PS2) for excitation energy (Mimuro et al. 1990; Kroon et al. 1993) , amplifying LHC-specific structural alternations on energy distribution and thus photosynthetic efficiency. In addition, the modes of photoacclimation differ significantly among different species of phytoplankton, even within a single class (Prezelin 1987; Sakshaug et al. 1987; Johnsen et al. 1994a,h; Jovine et al. 1995) . Recent improvements in the isolation of the intrinsic membrane LHCs have resulted in a revised view of the structural arrangement of the LHCs in dinoflagellates (Hiller et al. 1993; lglesias-Prieto et al. 1993; Jovine et al. 1995) .
One technique that continues to be useful in defining the functionality of pigments involved in photosynthesis is the accurate determination of in vivo fluorescence excitation spectra. The procedure is nondestructive and can be used to estimate the energy transfer efficiency of absorbed light by LHCs to PS2. The shape of such spectra (emission measured at 730 nm) resembles the shape of corresponding 0, action spectra (Haxo 1985; Neori et al. 1988) , indicating their utility in quantifying photochemical activity within PS2. It should be noted that the fluorescence yield of PSl is only 5% relative to that of PS2 at physiological temperatures and thereby does not significantly interfere in in vivo measurements (Butler 1978; Owens 1991) . It is the sensitivity and convenient nonintrusive nature of this PS2 methodology that makes the measurement of fluorescence excitation spectra so attractive in field applications. The method also is convenient in turbid waters because light absorption and scattering by nonphytoplanktonic matter (detritus, resuspended matter, yellow substance) have little effect on the PS2 fluorescence signal (Maske and Haardt 1987) . Thus the shape of an in vivo fluorescence excitation spectrum depends mainly on the chromoprotein composition and the package effect (intracellular self-shading) (Prezelin and Boczar 1986; Johnsen and Sakshaug 1993) . Both of these factors depend on the photoacclimational status of the cells and are species-specific (Neori et al. 1988; Johnscn et al. 1994b) . The package effect is the reduction of the light absorption of a suspension of pigmented particles (living phytoplankton cells) relative to the same amounts of pigments in solution (= dispersed thylakoid fragments = thylakoid micelles = unpacked absorption: Kirk 1983; Johnsen et al. 1994a ), i.e. the basic membrane structure of a thylakoid micelle eliminates the package effect on light absorption.
This study describes the impact of species-specific differences in the buildup of the photosynthetic machinery in the bloom-forming dinoflagellates Prorocentrum minimum and Heterocapsa pygmaea. These species were investigated by quantifying photophysiological changes in order to define the alternative mechanisms of photoacclimation. The consequences of these photophysiological changes are shown as spectral changes in absorption and the PS2 fluorescence excitation spectra of whole cells, thylakoid micelles, and various photosynthetic pigment-protein complexes (chromoproteins). Fractional light absorption and utilization in absolute units [m2 (mg Chl a)-'] are given for the chromoproteins Chl a-Chl c-peridinin-binding protein complex (ACP), peridinin-Chl a-binding protein complex (PCP), and PSl-and PS2-enriched bands. These measurements provide a framework with which to evaluate the amount of light harvested and the efficiency with which it is transferred and utilized in bloom-forming chromophytes with different chromoprotein compositions.
Materials and methods
Algal culture-Cultures of P. minimum (Pavillard), Schiller (strain CCMP 1329) and H. pygmaea (Loeblich et al. 198 1; strain CCMP 1322) were cultured at 15°C in 1.5-liter Fernbach flasks. Replicate cultures were photoacclimated in continuous "white" light (Philips F5 T8 "cool-white" Auorescent tubes) at scalar growth irradiances (E,,, 400-700 nm, photosynthetic active radiation PAR) of 35 (low light, LL) and 500 pm01 quanta m-2 s-l (high-light, HL) (for details, see Johnsen et al. 1994a ).
Pigments-Whole cells were concentrated on Whatman GF/C glass-fiber filters and extracted in ice-cold (0-4°C) 100% acetone (3 h) to prevent activity of chlorophyllase and then adjusted to 90% acetone (with 21 h of additional extraction time) to ensure efficient extraction of polar pigments (Johnsen and Sakshaug 1993) . Preparations of thylakoid micelles and chromoproteins suspensions were extracted directly with cold 90% acetone prior to pigment analysis. The Chl a concentrations for all preparations were estimated according to Jeffrey and Humphrey (1975) . Optical density was recorded on a DW-2000 (SLM-Aminco Inc.) spectrophotometer operated in the split-beam mode. The pigment composition (including Chl a) of all preparations was quantified by high performance liquid chromatography (HPLC) using both absorption (carotenoids and chlorophylls) and fluorescence (chlorophylls) monitors according to Johnsen and Sakshaug (1993) .
Thylakoid micelles and isolated chromoproteins-The method for disrupting thylakoid membranes in a sucrose buffer into stable micelles has been described earlier (Johnsen et al. 1994a; Jovine et al. 1995) . In brief, pelleted cells were quick-frozen in liquid nitrogen for 3 min and stored at -70°C. They were thawed in HEPES buffer and disrupted by a French press at 8.3X lo7 Pa. The recovered slurry was loaded onto an 80% sucrose cushion and centrifuged at 12,000Xg for 20 min. Cell debris formed a pellet in the sucrose cushion and the supernatant contained >95% of the sample Chl a associated with thylakoid micelles. HPLC analyses of extracted pigments confirmed that only trace amounts of free and (or) degraded pigments were present in the thylakoid micelles and the isolated chromoproteins. Furthermore, fluorescence excitation spectra analyses indicated that bound pigments in subcellular fractions still maintained significant light-energy transfer capabilities as checked by Jovine et al. (1995) with subsamples of the same material presented here.
Discrete chromoproteins [m* (mg Chl a)-'] of P. minimum and H. pygmaea, including bands containing ACP, PS l-and PS2-enriched bands, and PCP were isolated by solubilizing thylakoid membranes with dodecyl maltoside and separating chromoproteins by sucrose gradient centrifugation (modified from Hiller et al. 1993; Tglesias-Prieto et al. 1993) . Absorption spectra of thylakoid micelles (clear supernatant) and isolated chromoproteins (in HEPES buffer) were measured in a l-cm quartz cuvette with a DW-2000 SLM Aminco spectrophotometer operating in the split-beam mode for the determination of Chl a-specific absorption coefficients according to Johnsen et al. (1994a) . However, only trace amounts of PS2-enriched bands were successfully isolated, so no Chl a could be determined for this particular chromoprotein. Therefore, based on prior study, we assumed the Chl a-specific absorption coefficient for PS2 at 676 nm to be 0.020 m2 (mg Chl a) I (Johnsen et al. 1994a ).
Fluorescence excitation spectra-Room temperature fluorescence excitation spectra for whole cells, thylakoid micelles, and chromoproteins were measured in an l-cm quartz cuvette with a SPF-SOOC SLM Aminco spectrofiuorometer. The intensity of fluorescence emission was measured at 730 nm with a lo-nm bandwith as a function of excitation wavelengths between 400 and 700 nm with 5-nm bandwidth (Neori et al. 1988 ). Validation of the quantum corrections (i.e. correction for different light energy output detected from the xenon lamp vs. wavelength) was done in accordance with procedures described by Johnsen and Sakshaug (1993) , using Chl a and Chl c dissolved in 90% acetone as internal standards.
Fluorescence excitation spectra were measured for whole cells in the presence and absence of 50 pm01 liter-' DCMU [3-(3,4-dichlorophenyl) l-1 dimethylurea] (final concn) which had been preilluminated at 400 nm (excitation monochromator) for -2 min to saturate the PS2 reaction centers. Thylakoid micelles and chromoproteins were treated with 10 pm01 liter-' DCMU (final concn) before preillumination and subsequent determination of their respective fluorescence excitation spectra. Quantum-corrected spectra were scaled at the red peak to the corresponding red peak of the Chl a-specific absorption coefficient of whole cells and thylakoid micelles (-676 nm), at 676 nm for PS2-enriched bands, 679 run for PSl-enriched bands, 673 nm for ACP, and at 674 nm for PCP Scaled fluorescence excitation spectra [m* (mg Chl a) -I] with and without DCMU treatment are denoted F&,,,,(h) and F;(A) for whole cells, F~,.DcMu(N and F&,(h) for thylakoid micelles, and F* c-,,CMU(h) and F:(h) for isolated chromoproteins (a list of notation is provided). The optical geometry was the same for spectral light absorption and fluorescence measurements to retain the same light path and similar self-shading between cells (i.e. by using a clear l-cm quartz cuvette for both measurements). No detectable spectral shape differences could be detected as a result of DCMU treatment of the isolated thylakoid Notation Chl a-specific absorption coefficient of whole cells Chl a-specific absorption coefficient of thylakoid micelles, where absorption is defined as unpacked Chl a-specific absorption coefficient of discrete, purified chromoproteins Whole-cell DCMU-enhanced fluorescence excitation spectra scaled to 676 nm of the corresponding a$, (
As q>t, IX-MU (A), but no DCMU treatment As Fllpwciw (A), but additional adjustment to the Chl a content associated with PS2 and its corresponding LCHs; this spectrum indicates the light energy received by PS2 Thylakoid micelle DCMU-treated fluorescence excitation spectra, scaled to a:,(, (A) As Cwwivw (A), but no DCMU treatment Chromoprotein DCMU-treated fluorescence excitation spectra, scaled to a,* (A) 4s c-IXMU (A), but no DCMU treatment All bio-optical specatra arc Chl cr-specific [400-700 nm, m2 (mg Chl a) '1.
All fluorescence c xcitation spectra were mcasurecl as emission at 730 nm. Light-energy transfer efficiency-To examine the relative fluorescence yield (400-700 nm) of the different chromoproteins (ACP, PCP, PSl-and PS2-enriched bands), we scaled the quantum-corrected fluorescence excitation spectra of the different chromoproteins to the corresponding Chl aspecific absorpt ,on coefficients of isolated chromoproteins [a:(h)] such that no overshoot of the fluorescence excitation spectra relative to a:(h) would occur (i.e. assuming 100% conversion efficiency at the wavelength of maximum fluorescence yield). The scaled fluorescence excitation spectra thus denotes the fraction of light utilizable for photosynthesis received by Chl a [units: m2 (mg Chl a) '1.
The fluorescence quantum yields of PSl-and PS2-enriched bands were calculated as the number of fluorescence photons emitted by the numbers of photons absorbed. The optical densities [OD(h)] of PSl-and PS2-enriched bands were measured on the spectrophotometer and denoted OD,,,., after correction for dilution in buffer, Chl a content, and blank. The corresponding raw fluorescence excitation spectra of the same sample were, after normalization to the Chl a content, corrected for differences in high voltage and gain in the photomultiplier tube of the spectrofluorometer. They were also corrected for dilution of the PS l-enriched band, which was required to ensure a linear response in the spectrofluorometer. Such processed spectra were denoted fl-ex,,,, following quantum correction.
The coefficient of variation (%) of the mean value for Chl a-specific absorpl ion and fluorescence excitation spectra [m2 (mg Chl a)-'] at the red peak maxima for whole cells and thylakoid micelles was typically below 51%. 
Results
In vivo-In whole cells, differences in shape between Q,-I,CMUoI) and F,%(A) were primarily caused by the variable fluorescence, which is included in F:,(h) (Fig. lA,B) . The addition of DCMU in essence "closes" all reaction centers when actinic light is provided; F*-ph ,,,,,(A) thereby provides the least variable estimate of light energy transported to PS2 in vivo (Fig. lA,B) , as was evident for both species acclimated to both light regimes.
Thylakoid micelles -The fluorescence excitation spectra of thylakoid micelles from HL-and LL-acclimated cells treated with and without DCMU were identical in shape, indicating no evident packaging in the thylakoid micelles (Fig. lC,D) . In fact, more light was transported to PS2 in LL-acclimated cells than in HL-acclimated cells, as indicated by the Chl a-specific fluorescence excitation spectra F* ,,,1,-,,,,,(h) and F:,,(h) (Fig. lC,D) . Despite similar pigment composition (Tables 1 and 2 ) and bio-optical characteristics in whole cells of P. minimum and H. pygmaea, fluorescence excitation spectra from the thylakoid micelles for HL-and LL-acclimated cells indicated a different chromoprotein composition between the two species (Figs. 2-4) . This difference was clearly evident from the high fluorescence signal of the PCP-containing H. pyg- T Assumed pcridinin content in PCP in HL, based on similar spectral characteristics with PCP from LL.
-1: Includes chlorophyllide n (ranging from 0 to 14% of Chl n). 8 Includes ck-pcridinin (ranging from 0 to 3.6% or peridinin).
maea relative to the PCP-less P. minimum at 460-560 nm (Figs. 1,2 ).
Chromoproteins-Differences in Chl a-specific absorption coefficients and light energy utilization for the different chromoproteins are shown in Tables 2 and 3 and Figs. 2-4. The percent Chl a content in ACP relative to total cellular Chl a was generally 30-40% lower in H. pygmaea than in P. minimum and reflected the presence of PCP in H. pygmaea (Table I, Johnsen et al. 1994a; Jovine et al. 1995) . In HL-acclimated cells of both species a special form of ACP with high diadinoxanthin content was isolated (denoted ACP-HL, Fig. 2 ) in addition to the normal ACP In HL-acclimated cells of H. pygmaea, the two forms of ACP contained 72% of the cellular Chl a. In LL-acclimated cells 8 1% of total cellular Chl a was associated with ACP in P. minimum and 5 1% in H. pygmaea (Table 1, Figs. 2-5 ).
PCP was found in H. pygmaea and not in P. minimum (Jovine et al. 1995) and contained 19% (HL) and 37% (LL) of the total cellular Chl a (Table 1) . One notable difference between the two species was the absence in H. pygmaea and the presence in P; minimum of peridinin in the PS 1 -enriched fraction (Table 1) . Diadinoxanthin made up 15% of total pigments in PSl in HL-acclimated cells of H. pygmaea compared to -10% in LL for both species. This may indicate impurities or that diadinoxanthin is embedded in a small LHC associated with PS 1. Chlorophyll a in the PS 1 -enriched band made up 10% of total Chl a in LL-acclimated cells of P. minimum and 9 and 12% in HL and LL-acclimated cells of H. pygmaea, respectively (Table 1) .
The spectral characteristics of the PS2-enriched band were very similar to those of the PS 1 -enriched fractions, except that the red absorption peak of PS2 at 676 nm was shifted 3 nm toward the UV region relative to PSl (Fig. 2) . A second indication th;it this band was enriched with PS2 was that it obtained an extremely high fluorescence yield at room temperature relative to the PS l-enriched fraction. The relative fluorescence yield of the red peak for PSI (679 nm) and PS2 (676 nm) was 1.2 and 31.6.
Photoprotectiv n carotenoids and their eflects-The photoprotective activity of diadinoxanthin in HL-acclimated cells of both species was especially evident as reduced fluorescence signal at 440, 460, and 490 nm relative to those of LL-acclimated cells (Figs. 1, 2) . Thylakoid micelles that were obtained from HL-acclimated cells of both species, yielded low fluorescence signals at 440, 460, and 490 nm, (i.e. the maximurn in vivo absorption peaks of diadinoxan- thin). A decrease in the fluorescence yield as a function of diadinoxanthin content in the isolated ACPs was observed at the absorption maxima at 440, 460, and 490 nm for both species (Figs. 2-4) . Unlike the other chromoprotcins, the two forms of ACP (ACP-HL and ACP) exhibited significant differences as a result of photoacclimation in both species (Table 1 Figs. 3, 4) .
Discussion
Spectral light absorption and Jluorescence-The similarities in the shape of the fluorescence excitation spectra between thylakoid micelles (without package effect) treated with or without DCMU indicate that variable fluorescence was eliminated (Fig. 1) . The major differences in the shape of DCMU-enhanced fluorescence excitation spectra between whole cells (to avoid variable fluorescence) and thylakoid micelles were due to the package effect, mainly because LL-acclimated cells of both species had significantly higher amounts of pigments per cell compared to HL-acclimated ,'-600 Fig. 3 (indicating light usable for photosynthesis) isolated from HL-and LL-acclimated cells of Prorocentrum minimum and Heterocapsa pygmaea. The fluorescence excitation spectra have been scaled by the individual Chl a content in the respective chromoproteins relative to total cellular Chl a. Percentages in parentheses denote the weighted fraction of fluorescence excitation spectra (Eq. 1, white light) in the given chromoprotcin relative to the total fractional and weighted chromoprotein fluorescence excitation spectra, i.e. % of the light reaching Chl a that is available for photosynthesis (% of total F&.&.
Values for total light energy reaching Chl a (Total) indicate weighted fluorescence excitation spectra in m2 (mg Chl a) -I. * Indicates that the given chromoprotein is not present (PCP) or in tract amounts-undetectable (PS I ). -f Assumed value (Johnsen et al. 1994~). cells. Note that differences between fluorescence excitation spectra with-without DCMU for micelles and chromoproteins are similar because DCMU cannot reduce the fluorescence quenching any further in these components. These spectra also indicate that DCMU dissolved in ethanol (< 1% final concn) causes no denaturation effects.
The low fluorescence yield in the region between 400 and 500 nm corresponded to the region where diadinoxanthin and diatoxanthin absorbed efficiently, but the transfer efficiencies were low compared to the photosynthetic pigments (Figs. 2-4 , Johnsen et al. 1994a ). The deepest valleys in the fluorescence excitation spectra at 460 and 490 nm correspond to the maximum absorption peaks of diadinoxanthin. ACP is the major binding site for diadinoxanthin and diatoxanthin, i.e. most cellular diadinoxanthin was found in ACP (>82% in P. minimum, >96% in H. pygmaea, Table  1 ). The antenna quenching of fluorescence is clearly seen in ACP-HL isolated from HL-acclimated cells of both species (Tables 1,2; Figs. 2-4) . The low efficiency of energy transfer in ACP-HL indicates that the dominant photoprotection mechanism is a shielding (sun screening) of the fragile reaction centers instead of an epoxidation/de-epoxidation cycle which until now has been seen as the dominant mechanism of photoprotection (see Olaizola and Yamamoto 1994) . Olaizola and Yamamoto (1994) suggested the presence of two distinct pools of diadinoxanthin, which may be related to the two different forms of ACP presented here. The light-energy transfer efficiencies of PCP at 400-530 nm were generally higher than those of ACP, PS 1, and PS2 because of the absence of photoprotective carotenoids absorbing in the same spectral region (Table 1, Fig. 2 ). The absence of diadinoxanthin in PCP suggests that the -100% efficiency of light transfer at 440 nm represents light energy transfer from peridinin and Chl a only. This observation is consistent with earlier findings (Prkzelin and Haxo 1976; Song et al. 1980 ).
The bio-optical characteristics of the PS2-enriched band (i.e. its red absorption maximum at 676 nm and its high fluorescence yield compared to the PS 1 -enriched fraction) indicated that we had isolated intact PS2. The fluorescence yield of the PS l-enriched fractions was 4% relative to that of the PS2-enriched fraction (Table 1, Fig. 2 ). The total pigment content in the PS 1 -enriched bands relative to total cellular pigment content was 3 times higher in P. minimum than in H. pygmaea, indicating species-specific differences in LHCs associated with PSI (Table 1) .
Scaling qf in vivo fluorescence excitation spectra-The first approach in scaling quantum-corrected and relative fluorescence excitation spectra to absolute units was made by Sakshaug et al. (1991) ; they normalized F$,(676 nm) to the corresponding Chl a-specific absorption coefficient at 676 nm [a$(676 nm)]. Sakshaug et al. (199 1) assumed that the scaled fluorescence excitation spectra should be equal or smaller than a;,(h) at any wavelength because the fraction of light energy iransported to PS2 cannot be larger than the total amount of light absorbed. Johnsen and Sakshaug (1993) noted that three main factors cause problems in the scaling of fluorescence excitation spectra: cells should be treated with DCMU ur.der actinic light to avoid variable fluorescence, the light energy received by PS2 relative to PSl is dependent on tke pigment composition of the two systems and their respective LHCs, and the light-energy transfer at -676 nm may be <lOO%.
To scale in vi170 fluorescence excitation spectra to absolute units [m2 (mg Chl a) '1 one needs to adjust the DCMUenhanced fluorescence excitation spectrum at the red peak at -676 nm to the corresponding peak of the Chl a-specific absorption coefficient. To answer the question regarding the scaling factor of' the red peak of the fluorescence excitation spectrum, one needs to know the amount of Chl a associated with PS2 and its corresponding LHCs (highly fluorescent) relative to the \Grtually nonfluorescent PSl and the lightenergy transfer efficiency at -676 nm where only Chl a absorbs. All chromoproteins in this study, except PCP, had a maximum light-energy transfer efficiency at their corresponding red pe,$ks approaching 100% (Table 2, Fig. 2) .
In practical terms, based on our results, this implies that F$,,,,(676 nm) for LL-acclimated cells of P. minimum should be scaled to 81% of a$(676 nm) because 19% of the cellular Chl a is associated with the virtually nonfluorescent PSl and the resulting fluorescence excitation spectrum is called F* PS2.DC'IMU(,i) (Fig. 5A,B) . All chromoproteins in this species indicate light-energy transfer efficiencies near 100% at 675-676 nm, so no additional correction for this should be necessary.
In H. pygmaetz, 9 (HL) and 12% (LL) of the cellular Chl a content was as:;ociated with PS 1, implying a red-peak scaling of 91 (HL) and 88% (LL) of F&,.,&676 nm) relative to a$(676 nm) (Fig. 5C,D) . Because 19 (HL) and 39% (LL) of cellular Chl Q was found in PCP, which obtained a lightenergy transfer efficiency in the red peak of only 85-90% in contrast to -100% for all other chromoproteins, an additional small correction for this can be made by an additional lowering c,f the F&2.,,CM11(676 nm) values by 2 and 6% for HL-and LL-.acclimated cells. The final scaling factor for F&ZjZ-l)CM1J(676 nm) should then be 89% (HL) and 82% (LL) of a,$(676 nm) values, respectively. Our results imply that F&2-,)CMU(A) can be regarded as a fluorescence action spectra for PS2 and its corresponding LHCs in absolute units. There may be a simpler shortcut procedure to calculate the fraction of nonfluorescent PS 1 relative to PS2 without knowing the Chl a content of the different chromoproteins (Fig. 5 , cf. Johnsen and Sakshaug 1996) . If we match F,$-I,CMll(A) with a;,(h) to estimate F,$2-D(.MU(A) causing no overshoot from 400 to 700 nm of F,$-,),-,&A) relative to a;,(A) in P. minimum and H. pygmaea, we get the same ratios between F$,,,,,(676 nm) and F&,.,,,,(676 nm) to a$,(676 nm) (Fig. 5) . On the basis of this approach, PSI (not successfully isolated) in HL-acclimated cells of P. minimum should contain -10% total Chl a, indicating a 90% scaling of F&z;;2-I,C.1,(676 nm) relative to a$,(676 nm) (Fig. 5, Table 1 ).
Fractional and weighted absorption and jluorescenceTo compare total light absorbed by living cells and the corresponding fraction available for photosynthesis in PS2 and PS 1, we scaled the respective Chl a-specific absorption coefficients for chromoproteins [a:(h)] by multiplying a:(h) with its respective Chl a content to total cellular Chl a ratio (wt : wt, Figs. 3, 4, cf. Johnsen et al. 1994a ). The fractional absorption and fluorescence spectra [denoted a(A) in Eq. l] were then spectrally weighted (400-700 nm) against theoretical white light (E,, flat response from 400 to 700 nm, Eq. 1) to estimate the fraction of light energy absorbed (a,, absorption coefficients) and usable for photosynthesis (f,, scaled fluorescence excitation spectra) by the different chromoproteins (cf. Johnsen et al. 1994a ):
(1) Information from the in vivo fractional and weighted absorption coefficients [a%(A)] and their corresponding PS2-scaled fluorescence excitation spectra [F&2-,,CIMIJ(A)] has several applications. It can be used to discriminate between the total amount of light absorbed by living cells [a;,(A)] and the amount of light energy that has reached PS2 [F&,.,,,,,(A) , Fig. 51 . The difference spectrum [a;,(A) -F&z.,,,,,(A)] indicates the nonfluorescent fraction, i.e. light absorbed by photoprotective carotenoids (diadinoxanthin and diatoxanthin) and PS 1. The estimate of light energy received by PSl and PS2 is important for modeling primary productivity and to check the distribution of excitation energy to both PSI and PS2, by energy spillover effects (Mimuro et al. 1990; Kroon et al. 1993) .
We estimated that for HL-acclimated cells of P. minimum, 67% of the absorbed light reached PS2; the remaining 33% of the absorbed light was distributed between the photoprotective diadinoxanthin (25%, based on the model presented by Johnsen et al. 1994a ) and PSl (8%; Fig. 5 ). For LL-acclimated cells, 80% of the absorbed light reached PS2, the diadinoxanthin absorbed 1 1%, and PS 1 absorbed 9%. For H. pygmaea, a similar response was found (i.e. for HL-acclimated cells, 77% of the absorbed light reached PS2, 20% was absorbed by diadinoxanthin, and only 3% of the light absorbed reached PS 1, Fig. 5 ). For LL-acclimated cells, 82% of the absorbed light reached PS2, 14% was absorbed by diadinoxanthin, and 3% by PS 1. This implies that the two species have different light-acclimation responses with P. minimum responding most dramatically in HL, producing a significant ama3unt of diadinoxanthin.
The combined information from a;,(A) and F,Z52-nCMIJ(A) can be used to explain taxonomical and physiological differences in vivo between different pigment groups of phytoplankton, using the shortcut procedure (cf. Johnsen and Sakshaug 1996) . In our study the species-specific chromoproteins altered the in vivo bio-optical characteristics significantly for both species. Clearly the efficient light-harvesting complex PCP (Figs. lD, 2-4) isolated from H. pygmaea gave a significant rise in fluorescence between 500 and 560 nm that was not seen in P. minimum. This species difference was not detected in vivo (Fig. lA,B) , but an indication of structural differences in the chromoprotein composition between the two species was evident from the fluorescence excitation spectra obtained from the thylakoid micelles (Fig.  lC,D) , indicating that the package effect may obscure observations releqrant for light-harvesting efficiency studies.
The in vivo red-peak absorption, between 673 and 679 run in vivo, is clearly dependent on the cellular fraction of PS2, PS 1, and the corresponding LHCs (Fig. 2) . Figures 3 and 4 exemplif'y how the in vivo Chl a-specific absorption coefficients and the light accessible to both photosystems are being altered as a function of chromoprotein composition that is species+pecific and is in turn being altered as a function of light regime (irradiance, its spectral composition, and daylength, Table 3 ).
The absence or presence of PCP alone alters the mechanism with which light is harvested, as indicated by spectral absorption and fluorescence. In this case we have demonstrated that two similar organisms (in terms of their pigment composition) process light very differently because of differences in chromoprotein buildup.
